1. Inflammation {#sec1}
===============

Inflammation is a protective response rapidly triggered by innate immune cells in the event of tissue injury, as well as endogenous or exogenous insults (reviewed in \[[@B1]\]). The process is highly complicated, involving the complex interplay of cells and mediators. In brief, acute inflammatory responses involve vasodilation to increase blood flow combined with alterations in microvascular structure to allow exit of circulating leukocytes and plasma proteins, followed by accumulation and activation of leukocytes at the site of injury, where leukocyte extravasation is largely facilitated by cytokines including tumour necrosis factor (TNF) and interleukin-1 (IL-1) \[[@B1]\]. In addition, activated innate immune cells at site of injury remove cellular debris and/or pathogens via phagocytosis with concomitant cytokine production to facilitate the initiation of adaptive responses \[[@B1]\].

Due to the variability in the nature, severity, and site of injuries, resolution of inflammatory processes, where all injury and insults become resolved with little tissue damage, is not always possible. For severe tissue damage where regeneration is insufficient, healing with fibrosis may occur instead. The third possible outcome is progression from acute to chronic inflammation. This occurs when danger signals persist and inflammation cannot be resolved. Notably, a wide range of diseases, including asthma \[[@B2]\], diabetes \[[@B3]\], coronary heart disease \[[@B4]\], cancer \[[@B5]\], and neurodegenerative diseases \[[@B6], [@B7]\], have been associated with chronic inflammation.

1.1. Inflammatory Signaling Cascades {#sec1.1}
------------------------------------

The innate immune system functions as the first line of defense against cellular damage caused by danger stimuli including pathogenic organisms or damaging molecules. An array of innate immune cells including macrophages, mast cells, fibroblast, dendritic cells, monocytes, and neutrophils are involved in inflammatory responses. Innate immune cells sense danger signals by activation of membrane-bound pattern recognition receptors (PRRs), including Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), and cytoplasmic PRRs, including nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) and RIG-I-like receptors (RLRs), to initiate immune responses \[[@B8]\]. Activation of PRRs by pathogen-associated molecular patterns (PAMPs), usually conserved molecular patterns expressed by pathogens, and/or danger-associated molecular patterns (DAMPs), endogenous molecules released by damaged cells, triggers inflammatory signaling cascade(s) that drive a wide range of cellular responses \[[@B1]\].

The TLR family, with 10 identified members, is the most widely studied of all classes of PRRs \[[@B9]\]. TLRs are type 1 transmembrane proteins with an extracellular domain with leucine-rich repeats (LRRs) and a cytoplasmic Toll/IL-1 receptor domain \[[@B10]\]. TLRs play an important role in detecting microbial infection via recognition of ligands including lipids, nucleic acids, lipopolysaccharides, and other unique molecular microbial components \[[@B11], [@B12]\]. TLRs undergo conformational changes upon ligand binding to recruit adaptor molecules, which in different combinations contribute to the specificity in individual TLR responses \[[@B13]\]. The two major signaling pathways initiated by TLRs include the myeloid differentiation primary response gene 88 (MYD88)-dependent pathway and the Toll/interleukin-1 receptor (TIR)-domain-containing adapter-inducing interferon-*β* (TRIF)-dependent pathway \[[@B1]\]. MYD88-dependent signaling responses activate the c-Jun N-terminal kinases (JNK)/activator protein 1 (AP-1) and kappa-light-chain-enhancer of activated B cells (NF-*κ*B) pathways \[[@B9]\]. AP-1 and NF-*κ*B activation initiates a transcriptional response program of cytokine production specifically tailored to the insult. Classical NF-*κ*B-regulated cytokines include IL-1, IL-6, IL-8, and TNF \[[@B14]\]. In the alternative TRIF-dependent pathway, activation of the transcription factors NF-*κ*B and interferon regulatory factors (IRF3 and IRF7) can result in type 1 interferon (IFN) production, often in response to viral infection \[[@B1]\]. Type I IFNs are released by various peripheral cell types, including lymphocytes such as natural killer (NK) cells, B cells and T cells, macrophages, fibroblasts, and endothelial cells, and are likely to induce CNS inflammatory effects through infiltration of peripheral cells into the brain \[[@B15]\].

In contrast to the TLRs, NLRs are cytosolic PRRs that can be activated by both pathogens and endogenous components \[[@B16]\]. Making up the NLR family are 5 NOD receptors, 14 NALP receptors, NAIP, Ipaf, and CIITA type 1 and CIITA receptors \[[@B17]\]. In particular, NOD1 and NOD2, best known for their intercellular sensing of distinct peptidoglycan fragments released by bacteria, also signal to NF-*κ*B \[[@B18]\] and mitogen-activated protein kinase (MAPK) \[[@B19]\] signaling pathways. On the other hand, NLRP1, NLRP3, and NLRC4 recognise specific PAMPS and DAMPS to form signaling complexes known as "inflammasomes." Inflammasome assembly may be triggered by diverse stimuli, including uric acid crystals, cholesterol, protein aggregates and, aluminium adjuvants \[[@B20]--[@B23]\]. Assembly of "inflammasome" complexes leads to caspase-1 activation resulting in caspase-1-mediated cleavage of NF-*κ*B-dependent precursors of the proinflammatory cytokines IL-18 and IL-1*β* to produce their mature forms \[[@B1], [@B19]\]. Therefore inflammasome activation requires two signals, the first to induce transcription of pro-IL-1*β* and pro-IL-18 and the second to initiate inflammasome assembly.

Overall, inflammatory responses can be viewed as a system consisting of mediator-driven feedback loops. Subsets of inflammatory mediators can positively feedback into the system to intensify activation state of immune cells, leading to exacerbated inflammatory responses \[[@B24], [@B25]\]. Conversely, other inflammatory mediator subsets can function in a reverse manner. They can negatively feedback into the system leading to inhibited or downregulated inflammatory responses so to limit tissue injury for the resolution of inflammation \[[@B26]\]. Depending on the mediator secretion profile, inflammation can mediate different outcomes. From the brief outline of the inflammatory signaling cascades, it is evident that inflammation is a highly complex but tightly regulated process. More importantly, the regulation of inflammation can vary in different organs, due to tissue-specific expression of innate receptors and variations in inflammatory mediator secretion profiles.

2. Neuroinflammation {#sec2}
====================

Being physically separated from the peripheral immune system, the CNS is conventionally recognized as being "immunologically privileged" \[[@B27]\]. With limited regenerating capacity, tight regulation of the immune responses in the CNS is necessary as chronic inflammatory responses in the CNS can lead to sustained neurodegeneration \[[@B28]\]. Immune regulation of the CNS is characterised by the absence of defined lymphatic channels, downregulated immune surveillance, absence of specialized antigen presenting cells, and the presence of the blood-brain barrier (BBB) \[[@B27], [@B29], [@B30]\]. Aside from its functions as a physical barrier to separate cerebrospinal fluid from circulating blood, the BBB also serves as a specialized physical barrier to limit immune responses.

Despite the immunologically privileged status, it is becoming increasingly recognized that the CNS is capable of independently shaping immune responses \[[@B30]\]. Lymphocytes, in particular T cells, can be trafficked into the CNS to survey the environment \[[@B30], [@B31]\]. Emerging evidence suggests that a lymph-like system is also present in the brain \[[@B29], [@B32]\]. But most importantly, specialized cells of the CNS express major histocompatibility complexes (MHC) classes I and II molecules and can be activated to participate in immune responses \[[@B30]\].

In an analogous manner to systemic organs, inflammatory reactions in the CNS play a critical role in maintaining tissue homeostasis \[[@B33]\]. Neuroinflammatory responses can also be classified as acute or chronic. Acute neuroinflammation usually occurs in reversible neuronal injury where glial cells in the CNS become activated \[[@B34]\]. The process is usually short-lived and responses by glial cells are generally subtle. On the other hand, chronic inflammation refers to prolonged inflammatory responses in the CNS due to a persistent presence of injurious stimuli. Notably, neuroinflammation described in diseases of the CNS, including neurodegenerative diseases, is generally chronic \[[@B34]\]. Despite differences in their clinical presentation and underlying mechanisms of disease, neuroinflammation has been identified as a process crucial to the progression of many neurodegenerative diseases including AD, motor neuron disease (MND), and Parkinson\'s disease (PD). This is supported by the observation in models of neurodegenerative disease, as well as patient tissues, of activation and/or proliferation of glia, the major cell types initiating the neuroinflammatory process \[[@B35]--[@B41]\].

In conclusion, the understanding of neuroinflammatory processes occurring in neurodegenerative diseases raises many as yet unanswered questions: does the inflammatory process occur before or after the occurrence of other pathological changes? Are the inflammatory processes beneficial or detrimental to disease progression? Nevertheless, it is clear that if neuroinflammation remains unresolved, as is the case for most neurodegenerative diseases, prolonged exposure to cytokine-induced injury is neurotoxic. As the clinical and pathological presentation of various neurodegenerative diseases can be very different, there are also disease-specific differences in the associated inflammatory profiles. Therefore, further understanding the triggers and consequences of inflammatory processes in a disease-specific context will have strong implications for potential therapeutic approaches.

2.1. Neuroinflammation in AD {#sec2.1}
----------------------------

There was little evidence to link neuroinflammation to disease progression of AD until immunohistochemistry techniques were used to study amyloid *β* (A*β*) plaques. Towards the end of the 1980s, several research groups detected clusters of activated microglia around A*β* plaques \[[@B42]--[@B44]\]. These observations support the hypothesis that A*β* plaques are key players in chronic neuroinflammation in AD. Later, it was suggested that the presence in AD brains of high levels of redox metals, including iron (Fe) and copper (Cu), promotes reactive oxygen species (ROS) production and these metals can also act as mediators to induce neuroinflammation in AD \[[@B45], [@B46]\]. Specifically, Cu concentrations are elevated in amyloid plaques and Cu binds with A*β* high affinity, thereby promoting A*β* oligomerization and neurotoxicity ([Figure 1](#fig1){ref-type="fig"}).

Further studies on the neuroinflammatory profile in AD also revealed abnormal upregulation of various cytokines and chemokines including TNF, IL-1, IL-6, monocyte chemoattractant protein-1 (MCP-1), nitric oxide (NO), and transforming growth factor *β* (TGF*β*), which exert proinflammatory effects in AD brain \[[@B47]--[@B50]\]. Put together, these data suggest that neuroinflammation has a significant impact on the disease pathology of AD (for detailed reviews, see \[[@B51], [@B52]\]).

Ageing is still considered the greatest risk factor for AD although risk modifiers including environmental, genetic, and epigenetic factors have been described. Among the physiological and lifestyle changes during ageing, alterations to metal homeostasis and inflammatory processes have also been documented, which may have a causal connection with increased AD risk (reviewed in \[[@B53]\]). Plasma concentrations of copper are elevated in ageing \[[@B54]\], which may contribute to metal imbalances that trigger ROS production and A*β* aggregation. Moreover, inadequate zinc absorption during ageing contributes to low-grade peripheral inflammation due to deregulated inflammatory transcription factors (including NF-*κ*B) containing zinc-finger motifs \[[@B53]\]. Thus the compounding effects of metal and inflammatory dyshomeostasis in ageing may impede normal physiological responses to additional stressors such as increased A*β* deposition.

2.2. Cell Types Involved {#sec2.2}
------------------------

### 2.2.1. Microglia {#sec2.2.1}

The key innate immune cell types mediating inflammatory process of AD brain include microglia and astrocytes. Microglia are the major immune surveillance cells accounting for 10--20% of the total CNS glial cell population. Also known as resident macrophages, microglia are of mesodermal origin and known to occupy all regions of the CNS, although microglial density can vary widely in different regions of the CNS \[[@B55], [@B56]\]. Microglial activity can vary between populations and regions of the CNS, based on differences in gene expression profiles \[[@B57]\]. Additionally, microglia also express different phenotypes depending on the surrounding environmental conditions. In healthy individuals, microglia have a "resting" phenotype, characterised by a ramified morphology, which are in constant motion, surveying their microenvironment \[[@B57]\]. In AD, microglia migrate to areas of A*β* plaque deposition \[[@B42]--[@B44]\] and were shown to participate in the clearance of A*β* plaques via phagocytosis or A*β* plaque degradation \[[@B58], [@B59]\]. While clearance of A*β* by microglia is suggestive of a beneficial response, the actual outcome of A*β* clearance by microglia remains unknown. Rather, phagocytosis of A*β* by microglia may drive further immune activation, as supported by increased microglial production of proinflammatory mediators, including IL-1 \[[@B50], [@B60], [@B61]\], IL-6 \[[@B50]\], TNF \[[@B50]\], macrophage inflammatory protein (MIP) \[[@B50]\], MCP-1 \[[@B50], [@B60]\], and ROS \[[@B62]\]. However, the precise role of microglia in the pathogenesis of AD has yet to be elucidated. This is due, in part, to the multiple activation states that can be expressed by microglia. Similarly to peripheral macrophages, microglia can be classically (M1) or alternatively (M2) activated. In brief, M1 microglia are primarily associated with proinflammatory responses and induce neurodegeneration, while M2 phenotypes are more closely associated with anti-inflammatory responses, which are neuroprotective \[[@B63]\]. In an *in vivo* study involving the APP/PS1 AD mouse model, an age-dependent switch of microglial activation state, from M2 to M1, was observed \[[@B64]\]. However, this does not rule out that both M1 and M2 populations can coexist and play varying roles in AD disease pathogenesis ([Figure 1](#fig1){ref-type="fig"}).

### 2.2.2. Astrocytes {#sec2.2.2}

Astrocytes, of ectodermal origin, are the most abundant glial cell type and the most abundant cell type in the CNS. They can be classified by morphological differences into protoplasmic and fibrous astrocytes, which are present in the gray and white matter regions, respectively \[[@B65]\]. It is well established that astrocytes play critical roles in supporting neuronal survival and maintaining homeostasis of the CNS by close contact with all CNS cell types through their extensive processes. Emerging evidence suggests that astrocytes also play a role in the innate immune system \[[@B66]\]. In the presence of injurious stimuli, astrocytes can be triggered to initiate immune responses. Common observation of astrocyte clusters around A*β* plaques in AD brains suggests that A*β* plaques are key endogenous stimuli driving reactive astrocytosis \[[@B67]\]. This is further supported by *in vitro* evidence of astrocyte activation in response to aggregated A*β* fragments \[[@B68]\]. In contrast to microglia, astrocytes do not play a significant role in the clearance of A*β* plaques \[[@B58], [@B59]\]. Instead, astrocytes downregulate microglial A*β* plaque clearance via secretion of glycosaminoglycans-sensitive molecules \[[@B58], [@B59]\]. This implies that astrocytes may act to hinder effective clearance of A*β*, indirectly promoting A*β* accumulation in AD brains. However, a recent study carried out in adult astrocytes suggests that astrocytes can contribute to A*β* degradation \[[@B69]\]. Additionally, astrocytes play significant role in AD neuroinflammation by producing a broad range of inflammatory mediators, including IL-1*β* \[[@B70], [@B71]\], IL-6 \[[@B72]\], MCP-1 \[[@B71]\], MIP \[[@B71]\], and NO \[[@B73]\], identified from various *in vivo* and*in vitro* studies. Long-term production of these mediators becomes a chronic "cytokine cycle" ([Figure 1](#fig1){ref-type="fig"}), as described by Griffin and colleagues, which plays detrimental role in influencing disease progression \[[@B24]\]. Therefore cytokine-induced feedback loops may present a target for therapeutic intervention using anti-inflammatory approaches.

2.3. Pathways and Mediators {#sec2.3}
---------------------------

Many studies report that A*β* oligomers and fibrils are key drivers of AD pathogenesis \[[@B74], [@B75]\]. Besides causing direct injury to neuronal cells \[[@B74], [@B76]\], A*β* oligomers and fibrils are endogenous stimuli that can be recognized by PRRs expressed on innate immune cells. A*β* species have been shown to induce inflammatory responses through activating various PRRs expressed by microglia and astrocytes including TLRs \[[@B77], [@B78]\], receptor for advanced glycation end products (RAGE) \[[@B79], [@B80]\], and the inflammasomes \[[@B23], [@B81]\].

### 2.3.1. TLR Signaling {#sec2.3.1}

Microglia and astrocytes can be differentiated based on the TLRs they express. Microglia express all TLRs 1--9, while astrocytes predominantly express TLR3, although low-level expression of TLR1, TLR4, TLR5, and TLR9 has also been detected \[[@B82], [@B83]\]. In particular, TLR2 \[[@B78]\] and TLR4 \[[@B77], [@B84]\] have been identified to be important for the recognition of A*β* species in AD. TLR activation by A*β* can function as a double-edged sword. Activation of TLR2 and TLR4 was shown to be beneficial through enhanced phagocytic microglial A*β* clearance, and TLR2 or TLR4 deficiency in AD mice has detrimental effects on A*β* deposition and cognitive function \[[@B85], [@B86]\]. However, TLR2 knockout and TLR4 loss-of-function mutant mouse models secreted less neurotoxic proinflammatory mediators IL-1*β*, IL-6, TNF, and inducible nitric oxide synthase (iNOS) with A*β* stimulation, suggesting that TLR-dependent signaling may contribute to neurotoxicity in AD \[[@B77], [@B78]\]. This is supported by further evidence showing that A*β* can initiate sterile inflammation via heterodimeric TLR4/TLR6 when accompanied by regulatory signals from scavenger receptor CD36 \[[@B87]\]. Additionally, brains of human AD patients express high levels of TLR4, while APP mouse brains exhibit higher levels of *TLR4* mRNA \[[@B77]\]. Recently, upregulated TLR2 and TLR4 have been detected in peripheral mononuclear blood cells in 60 patients with late onset AD \[[@B88]\]. These studies suggest that inflammatory responses in AD brains can be further potentiated by A*β*-induced upregulation of TLR4 expression. Although TLRs can activate several transcription factors, including AP-1 and NF-*κ*B \[[@B1], [@B9]\], the current understanding of the downstream signaling cascades in AD is limited.

### 2.3.2. RAGE Signaling {#sec2.3.2}

RAGE, a member of the immunoglobulin superfamily of cell surface proteins, is a multiligand receptor that functions as a PRR for A*β* oligomers \[[@B89]\]. RAGE exists in a membrane-bound full-length form and a soluble form (sRAGE) that competitively inhibits A*β*-mediated RAGE signaling. Emerging evidence suggests the involvement of RAGE in AD pathogenesis. RAGE promotes A*β* transport from plasma to the CNS ([Figure 1](#fig1){ref-type="fig"}). Conversely, low-density lipoprotein receptor related protein 1 (LRP-1) exerts the reverse function and increases plasma A*β* levels \[[@B90]\]. Thus the combined actions of RAGE and LRP-1 maintain the balance of plasma and CNS A*β* concentrations \[[@B90]\]. Significant elevation of the hippocampal microvascular ratio of RAGE to LRP-1 expression was reported in AD patients \[[@B91]\], resulting in impaired clearance of A*β* in AD with RAGE driving the influx of A*β* into the CNS \[[@B90]\]. Moreover, reduced sRAGE expression in AD further contributes to overactive RAGE-induced inflammation. Additionally, studies also revealed that A*β* binding to RAGE drives microglial activation, thereby initiating a positive feedback loop that further elevates RAGE expression and associated inflammation \[[@B80]\]. APP mutant AD model mice crossed with mice overexpressing RAGE demonstrated exacerbated disease outcomes, indicating that elevated RAGE expression is detrimental to cognitive function in AD \[[@B79], [@B92]\].

### 2.3.3. NLR Signaling {#sec2.3.3}

Another class of PRR involved in AD pathogenesis is the NLRs. In particular, IL-1*β* and IL-18, predominant cytokines released with inflammasome assembly, are significantly upregulated in both CNS and plasma components of human AD patients \[[@B93], [@B94]\]. In addition, IL-1*β* was also found to be significantly upregulated in the Tg2567 mouse model of AD \[[@B95]\]. These data support the involvement of inflammasome activation in AD neuroinflammation. NALP3 inflammasome activation can be induced by potassium (K^+^) efflux \[[@B96]\]. In particular, A*β* species have been shown to induce reduced intracellular K^+^ by disrupting K^+^ channel function \[[@B97], [@B98]\]. Treatment of hippocampal neurons with A*β* induced upregulation of the KV3.4 channel subunit and increased K^+^ efflux, and this is also evident in Tg2576 mouse model. In addition to the above, the NALP3 inflammasome can also be directly activated by A*β* upon phagocytosis of A*β* by microglia \[[@B23]\] due to consequential triggering of lysosomal damage \[[@B99]\].

Despite the rapidly increasing knowledge of the inflammatory cells, pathways, and mediators significantly altered in AD, several major questions remain unanswered. Critical to our understanding of the disease process as well as development of diagnostic and therapeutic tools is a clearer picture of the specific triggers of microglial activation in AD and the pathways that can be induced to shift microglial responses to protective M2 phenotypes. Moreover, a spatiotemporal analysis of the beneficial and detrimental consequences of microglial activation in AD is required to target pathways that selectively engage protective responses such as phagocytosis of amyloid deposits while limiting secretion of neurotoxic mediators.

3. A Role for Cu in Neuroinflammation in AD {#sec3}
===========================================

3.1. Cu and A*β* in AD {#sec3.1}
----------------------

Cu is essential for the development and maintenance of CNS functioning. It is becoming well established that deregulation of Cu homeostasis is a pathological feature associated with a number of neurodegenerative diseases including AD, PD, and MND \[[@B100]\]. Although the precise role(s) that Cu plays in the pathology of these diseases is not elucidated, Cu is a critical cofactor of numerous enzymes but in excess can mediate Fenton chemistry-dependent cytotoxicity and therefore must be tightly regulated \[[@B101]\]. Cu plays an important role in AD pathology by a twofold mechanism involving toxic Cu-induced A*β* deposition occurring concomitantly with reduced intracellular bioavailable Cu \[[@B104], [@B102]--[@B105]\] ([Figure 2](#fig2){ref-type="fig"}). Additionally, Zn is also reported to potently induce A*β* plaque deposition \[[@B106]\] and Fe can mediate ROS production \[[@B107]\]; thus it is not surprising that changes to homeostasis of both Zn and Fe in AD have been described \[[@B103]\]. As discussed above, although the mechanisms by which A*β* exerts its toxic effects on neurons are not fully elucidated, ROS and acute inflammatory mediators produced by glial cells enriched at amyloid plaques may contribute to A*β*-induced neuronal death.

Several *in vitro* studies have demonstrated that low levels of Cu ion can induce A*β* aggregation \[[@B108]--[@B111]\]. Cu can bind with high affinity to an amino terminal tyrosine residue in A*β* and induce oligomerization through oxidative modification \[[@B112]\]. APP knockout mice exhibit elevated brain Cu levels, whereas APP overexpressing transgenic mice have reduced brain Cu levels \[[@B104], [@B113]\]. APP or A*β* interactions with Cu^2+^ induce reduction to Cu^+^   *in vitro*, promoting neurotoxic H~2~O~2~ production \[[@B114]\]. It is now well established that Cu binding induces A*β* deposition and promotes neurotoxicity \[[@B112]\]. Additionally, elevated free Cu can mediate ROS-dependent toxicity \[[@B46]\]. As chronic activation of inflammatory cells is commonly observed in the vicinity of A*β* plaques \[[@B42]--[@B44]\], it stands to reason that an agent that drives A*β* deposition would indirectly contribute to damaging chronic immune responses. However, as there is controversy regarding the role of activated microglia surrounding amyloid plaques, it is unclear whether the contribution of Cu to this process is beneficial.

3.2. Proinflammatory Role of Cu {#sec3.2}
-------------------------------

A role for Cu in peripheral inflammatory responses is supported by *in vivo* and *in vitro* data. Cu was reported to induce IL-6 secretion in a cell culture system composed of human keratinocytes and fibroblasts \[[@B115]\]. Implantation of female rats with Cu-coated discs caused NF-*κ*B activation and IL-6 production and induced recruitment of IL-1*α*-secreting cells \[[@B116], [@B117]\]. Inhalation of Cu present as a particulate in air pollution also elicited inflammatory NF-*κ*B activation \[[@B118]\]. Moreover, intratracheal instillation of Cu sulfate results in enhanced neutrophilia and MIP2 mRNA expression in rats \[[@B119]\] and Cu chloride can elicit IL-8 responses in human endothelial cells \[[@B120]\]. Together, these studies demonstrate that Cu can induce peripheral inflammation in numerous models, although there is limited direct evidence of the potential of Cu to initiate neuroinflammation. Synergistic effects of Cu and cholesterol in neuroinflammation have been described. A study demonstrated that trace Cu potentiated A*β* neurotoxicity in cholesterol-fed mice by A*β*-induced neurotoxic inflammatory responses \[[@B121]\] ([Figure 2](#fig2){ref-type="fig"}). No proinflammatory effects were observed upon treatment with Cu or cholesterol alone. However, cotreatment with Cu and cholesterol increased I*κ*B degradation as well as TNF expression and production in the brains of the mice, implicating a TNF-dependent proinflammatory role for Cu and cholesterol in AD. Investigation of the role of cholesterol in Cu-induced inflammatory responses would provide critical insight into AD pathogenesis, as genetic variation in the cholesterol transport protein ApoE4 remains the greatest genetic risk factor for sporadic AD and cholesterol-rich lipid rafts are likely to be the site of Cu-A*β* interactions (reviewed in \[[@B122]\]). Moreover, AD-associated changes to cholesterol metabolism may impact membrane fluidics, which could affect associated copper transporter and PRR expression, as well as inflammatory signal transduction pathways.

3.3. Cu Trafficking and Inflammation {#sec3.3}
------------------------------------

The major Cu-binding proteins in plasma are ceruloplasmin (Cp), albumin, and transcuprein, while subcellular Cu transport is controlled by membrane transporters and cytosolic chaperones that shuttle Cu between intracellular compartments and high-affinity cuproproteins, respectively. Loss of the Cu transporter ATP7B in Wilson\'s disease model mice presents as elevated brain copper, neurodegeneration, and inflammation \[[@B123]\]. Interestingly, ATP7B gene polymorphisms have been associated with increased AD risk in certain populations \[[@B124], [@B125]\]. Moreover, an inflammatory milieu can affect Cu homeostasis via regulation of Cu transport proteins ([Figure 2](#fig2){ref-type="fig"}). IFN*γ*, which is secreted by NK cells in AD patients \[[@B126]\], stimulated ATP7A expression in cultured microglia and altered Cu homeostasis, including Cu-dependent trafficking of ATP7A from the Golgi to cytoplasmic vesicles \[[@B127]\]. IFN*γ* stimulation also increased Cu uptake and elevated expression of the CTR1 Cu importer \[[@B127]\]. The impact of this finding for AD is unclear, as IFN*γ* exerts multiple biological effects in AD. Aside from stimulating microglial activation, IFN*γ* was also reported to mediate neurogenesis and reduce Tau pathology in AD model mice \[[@B128], [@B129]\]. Zheng et al. \[[@B127]\] also reported elevated ATP7A expression in activated microglia surrounding A*β* plaques in the brains of TgCRND8 AD model mice \[[@B127]\], which may promote overall Cu uptake by upregulation of CTR1 expression. Cu sequestration by microglia may therefore provide a neuroprotective mechanism in AD by limiting the free extracellular Cu available to seed A*β* aggregation and plaque formation. Conversely, transfection of fibroblast cell lines with ATP7A resulted in loss of cellular copper and reduced APP expression \[[@B130]\], suggesting that it is the lack of intracellular copper induced by elevated ATP7A that may prevent A*β* production by downregulation of APP.

The major plasma Cu transport protein, Cp, which is elevated in the serum and brain in AD patients \[[@B131], [@B132]\], can also elicit proinflammatory responses in cultured primary and secondary microglia. These inflammatory responses include elevated NO release and induction of proinflammatory transcriptional programs involving TNF, IL-1*β*, COX-2, NADPH oxidase, iNOS, and prostaglandin E2 \[[@B133]\]. Cu-stimulated responses were significantly attenuated by a p38 inhibitor, SB203580, and the NF-*κ*B inhibitor SN50 \[[@B133]\]. Moreover, as Cp is a Cu-containing ferroxidase \[[@B134]\], transport of Fe is inextricably linked to Cu mislocalisation and Cp levels.

The Fe regulating peptide, hepcidin, which is induced by cytokines including IL-6, inhibits Fe release from neurons by inducing lysosomal degradation of the Fe exporter, ferroportin \[[@B135]\]. A recent study proposed that the resultant intracellular excess Fe in ageing, which is further exacerbated by inflammation in AD, promotes APP production via an iron responsive element (IRE) in the promoter of APP \[[@B136], [@B137]\]. Enhanced APP expression thereby promotes neuronal Cu export, as APP binds Cu via its Cu-binding domain \[[@B137]\]. Cu mislocalisation by secreted APP could therefore act as a double-edged sword resulting in an excess extracellular Cu that may promote A*β* aggregation and deplete intracellular Cu stores available for physiological enzyme functions. However, another study reported that Cu but not Fe induced APP exocytosis *in vitro* \[[@B138]\], suggesting that complex regulatory mechanisms, which may be dependent on the surrounding inflammatory milieu, may be important for subtle control of APP trafficking.

3.4. Anti-Inflammatory Role of Cu in AD {#sec3.4}
---------------------------------------

Conversely, intracellular Cu deficiency, which was detected in brain of mice overexpressing APP \[[@B104], [@B102]\] and supported by studies of AD brain tissue \[[@B105]\], also promotes microglial activation. A loss of bioavailable brain Cu, in mice that had been perinatally weaned on Cu deficient diets, resulted in microglial and astrocytic activation in the cerebrum and thalamus and neurological signs \[[@B139]\]. This suggests that bioavailable physiological Cu concentrations are required to prevent CNS inflammation. For instance, expression of the Cu-requiring enzymes superoxide dismutase 1 (SOD1) and the ATX antioxidant protein homolog (ATOX1) was significantly reduced in AD brains as determined by several microarray studies, suggesting that neurons are Cu-deficient in AD \[[@B137], [@B140], [@B141]\]. As SOD1 itself may also exert anti-inflammatory functions through ROS detoxification, a loss of SOD1 activity would further exacerbate chronic inflammation.

Cu is also closely associated with regulation of cytokine signaling. Robust secretion of the anti-inflammatory cytokine, IL-4 was detected in the brains of mice coadministered Al and Cu in drinking water compared to mice administered Al alone \[[@B142]\]. Interestingly Cu administration alone had no effect on the inflammatory markers tested, although the study did not examine whether Cu was increased in the brain as a result of treatment. Stimulation of the microglial BV2 cell line with LPS in the presence of Cu(I) shifted the population from the neurotoxic M1 to the neurotrophic M2 phenotype and significantly reduced nitrite release \[[@B143]\]. Treatment with Cu alone (without LPS) had no effect on the microglial phenotype, nitrite release, or iNOS expression, thereby suggesting that Cu(I) can modulate inflamed microglia and may alter the cell signaling function of NO by altering its redox state. NO is an M1 mediator, and Cu-dependent inhibition of nitrite release may be the mechanism, which induces the M2 phenotype. Therefore, Cu sequestration by microglia may be a neuroprotective response in activated microglia surrounding A*β* plaques. These neuroprotective responses may be mediated, at least in part, by Cu-dependent induction of the metal-sequestering and antioxidant acute phase protein, metallothionein, as observed in rat microglia \[[@B144]\]. Administration of the therapeutic copper-bis(thiosemicarbazonato) complex, Cu(gtsm), delivered bioavailable Cu to the brain of APP/PS1 AD model mice and improved amyloid and tau pathology, as well as indicators of cognitive function \[[@B145]\]. As Cu(gtsm) is able to cross the BBB and release Cu inside brain cells, this study further supports the hypothesis that intracellular Cu pools are depleted in AD. It will be interesting to determine whether Cu delivery is anti-inflammatory or promotes M1 to M2 shift in the activated microglia surrounding amyloid deposits in these mice as part of the neuroprotective mechanism.

4. Conclusions {#sec4}
==============

As discussed above, extensive evidence links neuroinflammation to AD. Whilst regulated neuroinflammation is an important neuroprotective mechanism in the CNS, unregulated, chronic neuroinflammation is toxic if not resolved as in AD. Cu appears to possess both pro- and anti-inflammatory properties that may be mediated in part by its spatial proximity to amyloid plaques. Thus deregulation of Cu transport may be the precursor to initiation of toxic inflammatory reactions in the AD brain. Future investigation of the effects of both elevated and depleted discrete Cu pools on inflammatory pathways, as well as improved techniques for measurement of subcellular Cu trafficking in AD, will facilitate identification of novel therapeutic targets related to Cu homeostasis and inflammation.
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![*Inflammatory processes in AD*. (1) Sequential cleavage of APP by secretase proteins generates extracellular A*β* monomers, which aggregate to form toxic oligomers and plaques, a process accelerated by Cu and Zn ions. (2) A*β* oligomers may directly interact with immune components on astrocytes, potentially through TLR2/4 recognition, resulting in astrocyte-derived secretion of toxic proinflammatory mediators that act on neurons. (3) Microglia surrounding A*β* plaques may be polarised to the neurotoxic M1 phenotype through A*β*- or ROS-dependent inflammasome and TLR activation. (4) Microglia may also exert protective functions through intracellular Cu sequestration, direct phagocytic activity on plaques, and secretion on neuroprotective M2 mediators including IL-10. (5) The brain levels of A*β* are also controlled by RAGE- and LRP-1 mediated transport between the plasma and brain. Increased vascular RAGE in AD contributes to impaired clearance of A*β* from the CNS.](IJAD2013-145345.001){#fig1}

![*Hypothesised roles of copper in the inflammatory process of AD.* (1) Clockwise from center. Cu and Zn induce the aggregation of A*β* in AD, leading to reduced neuronal intracellular bioavailable Cu. This may account for the reported reduced expression of the Cu-requiring proteins SOD1 and ATOX1 in AD. (2) Cp, the Cu-transport protein, which is elevated in AD, can promote Fe oxidation, inflammation \[[@B133]\], and increased extracellular Cu levels in the CNS. (3) Copper has been shown to potentiate the effects of cholesterol on inflammation-induced A*β* neurotoxicity through increased TNF production \[[@B121]\]. (4) APP or A*β* reduce Cu^2+^ to Cu^+^---this redox cycling promotes production of ROS including H~2~O~2~. (5) NK cell-derived IFN*γ* can increase Cu uptake in microglia via enhanced CTR1 expression \[[@B127]\]. IFN*γ* also promotes ATP7A elevation and vesicular trafficking. These mechanisms of Cu sequestration by microglia may prevent further plaque formation. Phagocytosis of amyloid plaques also raises microglial Cu levels and promotes A*β* clearance. (6) Cu may polarize inflamed microglial populations from the neurotoxic (M1) phenotype to the neuroprotective (M2) phenotype via inhibition of NO production \[[@B143]\]. (7) The Fe master regulator, hepcidin, is induced by cytokines in AD and prevents Fe release from neurons. Excess Fe binds IREs in the APP promoter and upregulates APP production, promoting Cu export and mislocalisation.](IJAD2013-145345.002){#fig2}
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